Abstract: This paper presents the field investigation of a major landslide that occurred in a newly dredged slope for port development in the city of Tianjin, northern China. The dredged slope comprised underconsolidated soft clay of recent marine and river delta deposits. The landslide consisted of a number of individual slides that occurred sequentially and extended retrogressively and laterally into reclaimed land. It lasted for about 1 h, occupying a plan area that is about 200 m long and 150 m wide in the reclaimed land. The failed soil mass was estimated to have a volume of between 700 000 and 800 000 m 3 . Part of the failed soil mass slipped into a newly dredged open space in the sea. The distance of the debris travel into the berth was about 80 m. The debris surface had a gentle slope of about 3.0°. The angle from the dredged slope crest to the far edge of the debris was about 6.8°. A common rupture surface was found underneath the debris and above the in situ marine mud. It controlled the inland extension of the slope failure. The landslide occupied an inclined area of between 27 000 and 30 000 m 2 , with an overall slope angle of about 3-4°. A kinematic model is proposed to explain the extension of the landslide into the reclaimed land. Findings of this field investigation are further used in the companion paper for a theoretical investigation of the mechanism of the landslide. The engineering approach and results presented in this study could be useful in the design and construction of dredged slopes in underconsolidated soft soils.
Introduction
Ports constitute the basic infrastructure projects that make such coastal cities as Hong Kong, Shanghai, and Tianjin major centres of trade and logistics in China, as well as Asia. Port development involves many large marine civil engineering projects. These often include the construction of reclaimed land areas, wharfs, berths, seawalls, and breakwa-ters under difficult ground conditions and subject to wave action. Construction works often have to be carried out on saturated soft soils, such as recent marine and alluvial deposits, which are usually underconsolidated and have extremely low shear strength. One of the key engineering requirements is the dredging of the soft soils to provide temporary open space for seawall or breakwater construction or a permanent open space for berths and channels (BSI 1988 (BSI , 2000 CEO 1996; Tsinker 1997) . Inevitably, in this connection, temporary or permanent cut slopes would have to be formed in soft soils. A stability assessment of cut slopes comprising such underconsolidated soft soils is critical. It has been well recognized that for such soils, even small changes in the design parameters and methods could have significant technical and economical consequences (Lacasse 2001 ). For example, major slope failures involving underconsolidated marine mud have been reported in Hong Kong (GCO 1984a; Lam and Leung 1992; Endicott 2001) .
A literature review indicates that tremendous efforts have been made in the assessment of slope stability in such soils (Morgenstern 1963; Janbu 1977; Skempton 1977; Lefebvre 1981; GCO 1984b; Roy and Leblanc 1988; Broms and Wong 1991; Fang and Mikroudis 1991; Lacasse 2001; Lee et al. 2001; Yue and Lee 2002) . Slope stability analysis methods developed for general applications have also been adopted for stability assessments of marine slopes in underconsolidated soft soils (BSI 1988; CEO 1996; Tsinker 1997) . In essence, the stability of such slopes can be assessed on the basis of either total or effective stress. Lacasse (2001) pointed out that total stress analysis may be considered for slopes comprising soils such as loose sand and quick clay, with great care needed in selecting the appropriate shear strength parameters.
In this paper and a companion paper (Li et al. 2005 ), we present an engineering approach for an effective and accurate analysis of landslides in, and stability of, slopes cut in underconsolidated soft soils. The approach was developed during the investigation of a major landslide that occurred in a newly dredged slope during the construction of a long wharf. This submerged slope comprised underconsolidated soft soils of recent marine mud and alluvial deposits. In this paper, we present a field investigation of the landslide. The wharf development project is outlined first. We then give a detailed description of the landslide. Next, we present the results of the field investigation and further examine the kinematic mechanism of the landslide. In the companion paper (Li et al. 2005 ), we present an analytical investigation of the landslide mechanism based on the findings in this paper.
Wharf construction project
Figures 1 and 2 show the location of the landslide and the ongoing wharf development project on the western shoreline of Bo Hai Bay, near the city of Tianjin, northern China. This wharf development project is an extension of the existing Xingang Port (see Fig. 2 ). The wharf was designed to serve berth vessels of up to 35 000 tons capacity and was constructed about 420 m from the central line of the main port navigation pass.
The entire Xingang Port is a man-made port occupying an area of 200 km 2 on the sea and 25 km 2 on land. Its land and seabed topography is extremely flat. The vertical/horizontal gradient of the land and seabed is less than 1:2000. Its navigation passes and berths have been developed and maintained by dredging the seabed. The dredged soft soils (i.e., hydraulic fills) have been used for land reclamation. The breakwaters are the main measures established to protect the port against the action of waves from the sea. Xingang Port can accommodate 100 000 ton ships for navigation or anchoring.
The wharf development project involved the construction of the following major works: (i) a reclamation dam of 4.4 m height and 434.5 m length on the seabed; (ii) reclaimed land that is 4 m thick and 252 m wide along the shoreline and 434.5 m long in the sea, formed by hydraulic fill and contained within the reclamation dam; (iii) a 13.8 m deep berth outside the dam and in the sea; (iv) a dredged slope with a vertical/horizontal gradient of 1:2.2 from the dam to the berth; (v) a wharf supported by driven piles above the reclaimed land, the dam, and the dredged slope to reach out to the ships in the berth; and (vi) terminal facilities on the land. Figure 3 illustrates the general layout of the reclaimed land, the dam, the dredged (cut) slope, the berth, the installed piles, and the slipped land area. In Fig. 3 , a rectangular coordinate system is used to illustrate the layout of the wharf construction. The horizontal axis is parallel to the shoreline of the dredged slope, in the west-east direction, and the vertical axis is perpendicular to the shoreline and toward the berth, in the south-north direction. This coordinate system was also used in the landslide investigation. Figure 4 illustrates a typical cross section of the wharf design. The dredged slope dipped toward the berth in a northerly direction.
The reclamation dam was constructed in 1991. It was made of stone blocks and shaped like a trapezium, with a height of 4.4 m. Its base rested on the seabed, with an elevation of 0 m above mean sea level (a.m.s.l.). The 4 m thick land reclamation was completed in 1993, following the completion of the dam. Dredged mud from maintaining the port navigation passes was used for the land reclamation. The mud, in the form of slurry, was hydraulically transported to the reclamation area behind the dam. The slurry was then left in the reclaimed area to dry naturally.
After 4 years, the hydraulic fill soil in the reclaimed land still showed shear strength and bearing capacity that were still low for construction of terminal facilities. The conventional vacuum preloading technique was used to increase the soft fill strength and bearing capacity. General fills were then overlaid on the reclaimed land between 10 June and 15 July 1997. The general fill layer was 2.45 m thick and comprised mainly silty soils. A 0.4 m thick sand cushion was further overlaid on the general fill surface for the vacuum preloading. No engineered compaction was carried out on the general fill and the sand cushion. The fills were loose.
Dredge excavation for the formation of the dredged slope and the berth was started on 25 July and completed on 13 August 1997. On 15 August 1997, it was observed that the dredged slope gradient was unsatisfactory for the barge needed to install driven piles in the dredged slope. From 28
August to 4 September 1997, the original vertical/horizontal gradient of the lower portion of the dredged slope was revised from 1:2.2 to 1:2. In the meantime, a temporary road comprising 1.0 m thick residual soil was built on the reclaimed mud behind the dam. From 5 to 15 September 1997, a total of 55 driven piles were installed in the dredged slope (see Fig. 3 ). No pile installation was carried out on 16 September 1997, the day before the landslide occurred.
The landslide event
According to witnesses, the landslide began at 09:00 on 17 September 1997 and lasted for about 1 h. The landslide consisted of a number of sequential individual slides that extended retrogressively and spread laterally toward the reclaimed land.
A few hours before the first individual slide slipped into the sea, several deep tension cracks were observed in the backfill and the dam. This observation provided sufficient warning to the workers in temporary shelters, allowing them to leave the unstable zone in time. As a result, the landslide did not cause any fatality or injury.
The slip surface of the first slide was observed in the backfilled ground at about 10-20 m behind the reclamation dam. A wedge about 80 m long in a direction parallel to the shoreline and 30 m wide in a direction perpendicular to the shoreline slipped into the sea. After the occurrence of this first slide, the unstable zone then extended into the soil upslope and also spread laterally. Sequentially, a number of individual slides retrogressively occurred in the remaining reclaimed land behind the first slip surface and then slipped into the sea. The retrogressive sliding and lateral spreading lasted for about 1 h. The 55 driven piles that had been installed in the western part of the dredged slope also moved and were inclined at various angles toward the berth during the landslide.
Field investigation of the landslide

Visual inspection after the landslide
A general view of the landslide zone and the surrounding reclaimed land can be observed in site photographs (Figs. 5 and 6) . A more detailed view of the tension cracks in the reclaimed land above the seawater is provided in additional site photographs (Figs. 8-11 ). The location and the orientation of the site photographs are given in Fig. 3 . The photographs were taken right after the landslide event and during a high tide.
From Figs. 5 and 6, it is evident that the main body of the landslide zone was submerged. The main failure zone became a seawater bay within the reclaimed land. Part of the landslide zone was above seawater. A number of long, arcuate tension cracks and slipped terraces could be clearly observed in the land portion of the landslide zone immediately above the seawater bay. These tension cracks and slipped terraces followed the seawater boundary of the submerged failure zone.
The plan boundary of the entire landslide zone in the reclaimed land behind the dam is identified in Figs. 3 and 7 . From the plan boundaries of the dredged slope and berth area in Fig. 3 , it is clear that the landslide occurred in the central region of the dredged slope along the shoreline. Furthermore, the main direction of the landslide was toward the north, where the berth was located.
In Figs. 8-11, it can be seen that the widths and depths of the arcuate tension cracks in the reclaimed land above the seawater are variable. The tension cracks had their nonsmooth surfaces dipping toward the centre of the seawater bay. Seawater could also be observed in some cracks ( Fig. 9 ). The slipped soils in front of the tension cracks took the form of a number of terraces. The terraces were about 5-10 m wide and had different heights. In general, the terraces heights were greater in the central region of the landslide zone and less in the two side regions. The central region includes cross sections B-B, C-C, and D-D; and the two side regions, cross sections A-A and E-E (Fig. 7) . In Figs. 10 and 11, it is also evident that the sand cushion was overlaid on the general fill.
The topographical distribution of the slipped terraces and the associated tension cracks clearly show that the landslide was made up of a number of individual slides, which extended retrogressively and spread laterally into the reclaimed land.
Topographies before and after the landslide
Before the landslide, a topographical survey was carried out to check the dredge excavation of the slope and the berth for wharf construction. Results of the topographical survey are shown in Fig. 12 for a three-dimensional presentation of the submerged slope and berth areas before the landslide. From Fig. 12 , it is evident that the dredged berth had a relatively flat base about 8 m below the mean sea level. The berth had a rectangular geometry. It was surrounded by the three dredged slopes on the eastern, southern, and western boundaries. The dredged slopes were about 12-13 m high. A majority of the dredged slopes were submerged in seawater.
A topographical survey was carried out immediately after the landslide to examine the submerged landslide debris. Figure 13 shows the three-dimensional topography of the remaining dredged slopes and the landslide debris submerged in the sea. Figure 14 shows the two-dimensional topography of the landslide zone and its surrounding area.
Comparing the topographies in Figs. 12-14, we can observe the changes in the ground surface profiles of the submerged slope and berth. The landslide occurred between 100 and 250 m along the shoreline coordinate. This region was the central region of the slope and berth. The western part of the slope and berth, between -50 and 100 m along the shoreline coordinate, was slightly affected by the landslide, whereas the eastern part of the slope and berth, between 250 and 300 m along the shoreline coordinate, was affected significantly. As noted above, there were 55 driven piles installed in the western part of the dredged slope (see Fig. 3 ). The much smaller degree of damage in the western part of the dredged slope may indicate that the driven piles had some stabilizing effect on the western dredged slope.
The landslide debris travel distance was about 80 m into the dredged open space in the sea. The landslide debris was deposited over an enlarged area in the berth and on the dredged slope. The overall slope of the landslide debris surface was very gentle and about 3.0°. The angle of the debris flow from the dredged slope crest to the far front of the debris deposit in the berth was about 6.8°. The runout distance normalized to the height drop was between 8.4 and 19.1 and was within the lower limits of recorded submarine slides comprising soft soils (Lacasse 2001) . The depth of the berth base was increased from the original elevation of -8 m a.m.s.l. to about -4 m a.m.s.l. The debris was not uniformly deposited in the western and eastern regions of the berth. The eastern region of the berth had more debris deposition. Can. Geotech. J. Vol. 42, 2005 The debris was estimated to have occupied a volume of between 45 000 and 60 000 m 3 on the base of the berth.
Site geological setting
The western shoreline region of the Bo Hai Bay is a typical mud coastal plain and has experienced continued land depression and sedimentation over the entire Cenozoic era (Hou 1987) . The Cenozoic strata are more than 1000 m thick and are composed of marine and river-mouth alluvial deposits. The marine and alluvial deposits are interlayered.
A thick Holocene Q 4 soft soil stratum forms the shoreline seabed. This soil stratum comprises mainly recent marine deposits, with some thin alluvial deposits. The source of the alluvial deposits was mainly the Hai He River, in the Tianjin region (see Fig. 1 ). The top of the Q 4 stratum is a muddy silt layer of a shallow-water sedimentary environment. Its sedimentary age is about 300-400 years. It has its own fabric. Its sensitivity (i.e., the ratio between the peak shear strength and the residual shear strength) is of an intermediate degree.
The lower portion of the Q 4 stratum is a muddy clay layer of a deep-water sedimentary environment. This layer shows laminations. Its sedimentary age is about 2000 years. The soil also has a fabric.
The Q 4 soft soil stratum is underlain by a thick silt to silty sand stratum. This stratum was formed in a river delta sedimentary environment. The source of the sedimentation was mainly the Yellow River (see Fig. 1 ). The silt layer has either horizontal laminations or interlaced laminations. This soil stratum is in a normally consolidated state and has a higher shear strength and a lower void ratio than the Q 4 soft soil strata. Figure 7 shows the locations of the boreholes and the in situ tests carried out within the landslide zone before and after the landslide. Among these, 21 boreholes were carried out for soil sampling and field testing before the landslide for the design of the slope and berth by dredging. In particular, seven of the boreholes (M1, M3, M5, M6, L2, L4, and L6) were for undisturbed soil sampling, and six (M2, M4, M7, M9, M11, and M13) were for standard penetration tests (SPTs). The other eight holes were used for field vane tests. The conventional static cone penetration tests (CPTs) were not carried out before the landslide.
Ground investigation before and after the landslide
After the landslide, 41 boreholes were drilled: undisturbed soil sampling was carried out in 7 boreholes; field vane tests were carried out at 18; and CPTs were carried out at 16.
After completion of the ground investigation, soil samples were used in laboratory tests to determine the physical and mechanical properties of the soils encountered in the landslide zone. The undisturbed soil samples, combined with the results of the CPTs, SPTs, and vane tests, were used to determine the ground soil profile before and after the landslide. Results of the ground investigation will be discussed later.
Soil profile before the landslide
The ground conditions at the landslide site, as determined by the ground investigation, are shown in Figs. 4 and 15. Figure 4 shows the simplified soil profile that was used for wharf design. Figure 15 shows a detailed soil profile that was refined with the use of the ground investigation data from before and after the landslide. The figure depicts the geological conditions along cross section C-C in Figs. 7 and 14. This cross section is also the central line of the landslide zone and represents the most critical geological section for assessing slope stability. Figure 15 shows the existence of an artificial top layer above the in situ soils. This top layer comprised the general backfill soil and the thin sand cushion. The top surface of the hydraulic fill sublayer had become a hard shell because of the natural drying process between 1993 and 1997. Being made of a recent marine deposit, the hydraulic fill sublayer was not easily distinguished from the in situ recent marine deposit. Therefore, for engineering purposes, it was treated as part of in situ sublayer 1-1 of the recent marine mud deposit. The in situ ground could be further classified into four soil layers (see Fig. 15 ). The first in situ soil layer, layer 1, was a recent marine mud deposit, of 14 m thickness. This layer could be further divided into three sublayers, according to physical and mechanical properties. The upper sublayer, 1-1, was a muddy silt of 2.0-7.0 m thickness. The muddy silt was mixed with thin sandy silt seams and had mud or muddy clay lenses. Occasionally, silty seams could also be found in this sublayer. The middle sublayer, 1-2, was a muddy soil of 3.0-6.0 m thickness. It was mixed with thin sandy silt seams and contained shells. A few muddy clay lenses were found in this middle sublayer as well. The bottom sublayer, 1-3, was a muddy clay soil and had a thickness of 5.0-13.0 m. The muddy clay was mixed with the thin silty sand seams and contained organic matter or shells.
The second in situ soil layer, layer 2, was a clayey layer that could also be further divided into three sublayers. The upper sublayer, 2-1, was silt. Its thickness gradually decreased from the west to the east along the shoreline. It was mixed with thin clay or sandy silt seams or lenses. The middle sublayer, 2-2, was a 2.0-5.0 m thick clay. It was distributed mainly in the west wharf area. The bottom sublayer, 2-3, was a 1.0-5.0 m thick sandy silt, with much silty sand, and was distributed mainly in the eastern wharf area. Its distribution was not continuous and might appear as lenses or thin seams.
Between the first and second in situ soil layers was a 1 m thick silt interlayer. This interlayer comprised sand and shell mixes. The third in situ soil layer, layer 3, was a silty sand, which was normally consolidated and had a relatively high shear strength and bearing capacity. This layer was selected as the foundation soil for the driven piles, as shown in Fig. 4 .
The ground investigation revealed that the soil profiles and slope geometries for cross sections A-A, B-B, C-C, D-D, and E-E in Fig. 7 did not show significant differences. Therefore, the soil profile for cross section C-C in Fig. 15 was used as the representative geological model for the stability analysis and landslide investigation. It is further noted that the dredged slope and berth space were within the first in situ soft soil layer. Table 1 summarizes the physical properties of the soils encountered at the landslide site. It is evident that the in situ water content of the recent marine mud (i.e., of sublayers 1-1, 1-2, and 1-3) was greater than the liquid limit, and its void ratio was larger than 1.0.
Soil physical properties and shear strength
In the landslide investigation, one of the important tasks was to determine the soil shear strength for slope stability analysis. A number of conventional soil shear strength tests were then conducted in the laboratory and in the field. The tests included the unconsolidated undrained direct (UUDD) shear test, the consolidated undrained direct (CUDD) shear test, the unconsolidated undrained (UUD) triaxial test, the isotropically consolidated undrained (CUD) triaxial test, the isotropically consolidated drained (CD) triaxial test, the field vane test (vane), and the SPT. The tests were carried out according to Chinese national standards for soil laboratory test methods (NHRI 1999) . Table 2 summarizes the representative values of soil shear strength from laboratory tests carried out on soil samples obtained from the boreholes. In addition, Table 2 lists the soil compressibility and the SPT N values. The test results clearly show that the recent marine deposits had extremely low shear strength values and high compressibility values. Analysis of the consolidation test results further reveals that the recent marine deposits were in a state of underconsolidation. The overconsolidation ratio was about 0.8 (Hou 1987) . This underconsolidated characteristic of the marine mud is also reflected in the differences between the undrained and drained shear strength values in Table 2 . The undrained shear strength values obtained from the UUDD and UUD tests are much lower than those obtained from the CUDD, CUD, and CD tests. Such large differences may indicate that the laboratory tests with consolidation had significantly increased the shear strength of the underconsolidated soft marine mud.
A large number of field vane tests were carried out at the landslide zone to determine the undrained shear strength of the underconsolidated marine mud. The borehole locations for the field vane tests are shown in Fig. 7 . Table 3 summarizes the test results at different elevations. Figure 16 shows the variation in undrained shear strength with elevation. Those tests were carried out before the landslide.
It is evident that the undrained shear strength from the field vane tests increased as elevation decreased. A linear regression equation for the variation of the average undrained 
Note: The values of the shear strengths are average values of actual tests in the soil laboratory and in the field. a 1-2 , soil compressibility; CD, consolidated drained; CUD, consolidated undrained; CUDD, consolidated undrained direct; UUD, unconsolidated undrained; UUDD, unconsolidated undrained direct; c, cohesion; ϕ, friction angle; c′, effective cohesion; ϕ′, effective friction angle. shear strength, S u , with elevation, h, can be expressed as follows:
[1]
S u = -1.85h + 11.32
where the units of S u and h are kilopascals and metres, respectively; and the correlation coefficient of the regression, R 2 , is 0.87.
The residual values of the field vane shear resistance that were measured after the vane had been rotated several times indicate that the marine mud had a normal sensitivity of between 3.0 and 4.0.
Groundwater and tidal level during the landslide
The reclaimed land had a shallow groundwater level. The average groundwater level was at an elevation of +4.21 m a.m.s.l. For example, the groundwater level observed in one borehole was at about +4.19 m a.m.s.l. over a 12 h period of continuous monitoring. The high groundwater level was due to the fact that the reclaimed land had a low permeability and that the tidal level could rise above +4.00 m a.m.s.l. The reclaimed land was recently constructed by hydraulic filling of marine mud, and there was no engineering treatment for the very soft clayey fill.
The tide in Xingang Harbor belongs to the irregular semidiurnal category. Table 4 gives the recorded tidal elevations on the morning of the landslide occurrence, from mid- Note: a.m.s.l., above mean sea level. Table 3 . Representative values of the undrained shear strength from field vane tests before the landslide.
night to noon, on 17 September 1997. When the landslide happened, at 09:00 on the morning of 17 September, the tidal elevation had dropped from its highest level of 4.11 m a.m.s.l. at 03:00 to +0.99 m a.m.s.l. The tidal elevation reached its lowest level, at +0.65 m a.m.s.l., at 10:00. In other words, the landslide occurred during the lowest tide.
Kinematic movement of the landslide
As discussed above, the landslide was witnessed as having comprised a number of sequential slides that extended retrogressively and laterally toward the reclaimed land. Visual inspection of the site revealed many long and arcuate tension cracks and slipped terraces in the reclaimed land above the submerged landslide debris. These tension cracks and slipped terraces clearly show that the landslide debris in the land area consisted of a number of retrogressive slides with lateral spreading, although these slide bodies might have had a limited movement toward the seawater bay.
Furthermore, topographical survey results obtained before and after the landslide have also shown that the submerged landslide debris was deposited on both the failed slope and the berth base. It is therefore extremely important to examine whether there was a common rupture surface beneath the landslide debris and above the in situ marine mud for all the retrogressive slides. With this information, the kinematic movement of the multiple slides can be reconstructed with confidence.
Rupture surface for retrogressive extension of failure into reclaimed land
To determine whether there was a rupture surface for the retrogressive slope failure extension, we examined the vane shear test results and the borehole logs before and after the landslide. This examination revealed a rupture surface covered by landslide debris and seawater in the landslide zone.
The undrained shear strength values, measured with field vane tests before and after the landslide and at nearby locations, were examined and compared. Because the marine mud had a normal sensitivity of between 3 and 4, the peak undrained shear strength values of the failed mud should have been much lower than those of the original mud. A typical example of such examination and comparison is given in Fig. 17 . It is evident from Fig. 17 that the peak undrained shear strength values before and after the landslide are almost the same below point A at elevation -8 m a.m.s.l., whereas the peak vane shear strength values before the landslide are significantly greater than those after the landslide above point A. The tests were carried out in borehole M10 before the landslide and in borehole B6 after the landslide. As shown in Fig. 7 , the M10 and B6 locations were close to each other in the dredged slope, between cross sections B-B and C-C. As a result, it can be confirmed that point A was located on the rupture surface.
Furthermore, borehole logs from before and after the landslide were used in examining the rupture surface, because the soils above the slip surface should have been disturbed by the landslide. A typical example is given in Fig. 18 , which compares the logs of boreholes M11 and B17. Borehole M11 was drilled before the landslide; and borehole B17, after the landslide. As shown in Fig. 7 , the M11 and B17 locations were close to each other and also close to cross section C-C. The examination revealed that the soil above the mud sublayer and above elevation -8.5 m a.m.s.l. had been substantially disturbed. The disturbed soil, which may be called muddy soil, did not have the same thin We further summarized the findings on the rupture surface along cross section C-C in Fig. 19 . The rupture surface was deep in the dredged slope region and became shallower and shallower as the distance to the dredged slope increased in the reclaimed land. It terminated at the boundary of the landslide zone (see Figs. 3 and 7) . The rupture surface was about 200 m long and had a very gentle slope of about 3.3°. In Fig. 19 , we also present the ground surface profiles, from before and after the dredging, and the profile of the landslide debris. The landslide debris was located below the ground surface after the slope failure above the rupture surface.
The rupture surface became shallower and shallower as it neared the eastern and western boundaries of the landslide zone. Cross sections A-A and E-E had similar rupture surfaces. The surfaces of rupture along cross sections A-A and E-E were at about -4.0 m a.m.s.l. in the submerged region and about +1.0 to +2.0 m a.m.s.l. in the slipped land. Using cross section E-E as the representative section, we summarized the findings of the landslide investigation in Fig. 20 . The rupture surface began at the middle level of the dredged slope and became shallower and shallower as the distance to the dredged slope increased in the reclaimed land. It also terminated at the boundary of the landslide zone. It was about 140 m long and had an overall slope of about 4.0°. Similarly, in this figure, we also present the ground surface profiles from before and after the dredging, as well as the profile of the landslide debris. The landslide debris was located below the ground surface after the slope failure above the rupture surface.
To examine the lateral spreading of the landslide, we present two additional cross sections, F-F and G-G in Figs. 21 and 22, respectively. As shown in Fig. 7 , these two cross sections are parallel to the shoreline and perpendicular to the main direction of the landslide movement. Cross section F-F is located below the dredged slope crest; and cross section G-G, at the middle of the landslide zone behind the dam. The rupture surfaces in these two cross sections were deeper in the central region and gradually rose to the ground surface at the two side boundaries. The rupture surface in cross section F-F was generally much deeper than that in cross section G-G. In these two figures, we also present the ground surface profiles from before and after the dredging, as well as the profile of the landslide debris. The landslide debris was located below the ground surface after the slope failure, above the rupture surface.
The volume of the failed soil mass in the reclaimed land and behind the dredged slope could then be estimated using the original ground surface profile after the dredge excavation and the rupture surface for the landslide. The volume was thus estimated to be between 700 000 and 800 000 m 3 .
Kinematic movement
In the above discussions, we have shown that the landslide consisted of a number of individual slides. These slides occurred sequentially and extended retrogressively and laterally into the reclaimed land. They shared a common rupture surface. The first slide in the dredged slope rendered the remaining reclaimed land unstable, which then failed progressively. The rupture surface had the important feature that its depth became shallower and shallower and its slope angle became gentler and gentler as its distance to the dredged slope increased in the reclaimed land. This feature revealed that the unstable reclaimed land became shallower and shallower and the slipped soil body became thinner and thinner as the failure extended retrogressively and laterally into the reclaimed land. Consequently, the kinetic energy of each individual slipped soil mass became less and less, and the slide debris was then deposited more and more on the previously failed areas. Eventually, the last failed soil masses had very limited travel distance and formed slipped terraces that were associated with tension cracks in the reclaimed land.
On the basis of the above discussions and findings, we reconstructed the model of slide extensions into the reclaimed land in Fig. 23 . Basically, the landslide started when the first slide occurred. Subsequently, the second slide occurred. Then the third slide occurred. Other slides continued to occur in sequence until the last slide occurred at the observed boundary of the landslide zone in the reclaimed land. In Fig. 23 , the first slide crest line was based on the observations of witnesses (see Fig. 3 ). The last few slide crest lines were based on field inspection of the reclaimed land (e.g., Figs. 5, 6, [8] [9] [10] [11] . The second to fifth slide crest lines were inferred from the relevant data and the analytical studies presented in the companion paper (Li et al. 2005 ).
Summary and conclusions
In this paper, we have presented the field investigation of a major landslide that occurred in a dredged slope that comprised underconsolidated soft soil and was largely submerged in seawater. Factual data have been presented, including site geological setting, port design and construction, topographical survey results from before and after the landslide, witness observations, visual inspection after the landslide, ground investigations before and after the landslide, soil properties and undrained and drained shear strength values from laboratory and field tests, and groundwater and tidal levels during the landslide. On the basis of such factual data, we have located a rupture surface beneath the displaced material and above the in situ marine mud. We have further reconstructed a kinematic model to show the possible extension of the individual slides into the reclaimed land. We have discussed the kinematic mechanism for the extension and termination of the individual slides.
We have found that the landslide consisted of a number of individual slides that occurred sequentially and extended into the reclaimed land progressively and laterally. The failed soil mass comprised mainly recent marine mud and man-made fills. The marine mud was an underconsolidated soft soil and had low shear strength and permeability. In particular, we have found that the undrained shear strength values from field vane tests and the borehole logs from before and after the landslide can give excellent factual data for the determination of the rupture surface for the landslide. The rupture surface occupied an inclined area of between 27 000 and 30 000 m 2 . Its overall slope was estimated to be about 3-4°. Its depth became shallower and shallower as the distance from the dredged slope crest increased in the reclaimed land. The landslide occupied a plan area of about 30 000 m 2 in the reclaimed land. The volume of the failed soil mass was estimated to be between 700 000 and 800 000 m 3 . Part of the failed soils slipped into the berth and occupied a volume of between 45 000 and 60 000 m 3 and a plan area of between 22 000 and 30 000 m 2 on the berth base. The angle from the dredged slope crest to the far front of the landslide debris was about 6.8°. The landslide debris surface had an overall slope of about 3.0°. Finally, it is noted that although they were tilted as a result of the soil movement, the 55 driven piles could have had a stabilizing effect on the western part of the dredged slope. As a result, the soils in this western part had much less movement toward the berth.
